Huntington's disease (HD) is a progressive neurodegenerative disease caused by a glutamine expansion within huntingtin protein. The exact pathological mechanisms determining disease onset and progression remain unclear. However, aggregates of insoluble mutant huntingtin (mhtt), a hallmark of HD, are readily detected within neurons in HD brain. Although aggregated polyglutamines may not be inherently toxic, they constitute a biomarker for mutant huntingtin useful for developing therapeutics. We previously reported that the small molecule, C2-8, inhibits polyglutamine aggregation in cell culture and brain slices and rescues degeneration of photoreceptors in a Drosophila model of HD. In this study, we assessed the therapeutic potential of C2-8 in the R6/2 mouse model of HD, which has been used to provide proof-ofconcept data in considering whether to advance therapies to human HD. We show that, at nontoxic doses, C2-8 penetrates the blood-brain barrier and is present in brain at a high concentration. C2-8-treated mice showed improved motor performance and reduced neuronal atrophy and had smaller huntingtin aggregates. There have been no prior drug-like, non-toxic, brain-penetrable aggregation inhibitors to arise from cell-based high-throughput screens for reducing huntingtin aggregation that is efficacious in preclinical in vivo models. C2-8 provides an essential tool to help elucidate mechanisms of neurodegeneration in HD and a therapeutic lead for further optimization and development.
H
untington's disease (HD) is a fatal autosomal dominant neurodegenerative disease caused by a glutamine-coding CAG expansion within exon 1 of the huntingtin gene (1) . HD is characterized clinically by progressive motor, psychiatric, cognitive, and functional decline resulting from neurodegeneration particularly in the striatum and cerebral cortex (2) (3) (4) . As a result of its N-terminal polyglutamine expansion, mutant huntingtin is misfolded and deposited as a component of insoluble protein aggregates that persist in neuronal nuclei, perikarya, and processes (5-7). Although most evidence suggests that huntingtin's toxicity resides in its soluble protein-protein interactions, huntingtin aggregates mark the presence of misfolded mutant huntingtin in vulnerable cell populations and are a hallmark of HD in humans (7) and in genetic in vivo (6, 8, 9) and in vitro (10) models of HD. Antioxidant and energy buffering compounds, such as coenzyme Q10 (11, 12) , creatine (13) (14) (15) , and cystamine (16, 17) , which are neuroprotective in HD transgenic mice, significantly reduce huntingtin aggregates. Aggregation occurs in vivo in the presence of expressed polyglutamine-containing proteins, such as huntingtin or huntingtin fragments and adaptation to high-throughput screening has enabled the identification of selective inhibitors (18, 19) . The small molecule C2-8 was identified in a high-throughput screen using a yeast-based aggregation assay and was observed to partially inhibit polyglutamine-mediated aggregation in cell culture and brain slices, and rescue photoreceptor degeneration in a Drosophila model of HD (20) . Furthermore, C2-8 was predicted to have favorable drug-like qualities. In this report, we establish C2-8 as a therapeutic lead compound by investigating its pharmacokinetics, brain bioavailability, and efficacy in the R6/2 transgenic mouse model of HD.
Results

C2-8 Is a Drug-Like Small Molecule That Crosses the Blood-Brain
Barrier. C2-8 has poor aqueous solubility. Its high clogP (5.6) and logP (5. 2) values are consistent with its low aqueous solubility. It is also relatively insoluble in carboxymethylcellulose and a series of different cyclodextrins (␣-cyclodextrin, ␤-cyclodextrin, hydroxypropyl-␤-cyclodextrin, hydroxypropyl-␥-cyclodextrin, octakis-6-iodo-6-deoxy-␥-cyclodextrin, octakis-6-bromo-6-deoxy-␥-cyclodextrin, and octakis-6(dimethyl-tert-butyl-silyl)-␥-cyclodextrin). However, C2-8 can form a fine suspension in 2% chremophore, corn oil, or a universal vehicle provided by Novartis (Basel, Switzerland) that can be administered orally by gavage. For our initial pharmacokinetic (PK) studies, we used wild-type mice. Mice (n ϭ 5) were administered 50 mg/kg C2-8 for 5 days. Five hours after the last dose, levels of C2-8 in the brain were determined (Fig. 1A) . The mean concentration of C2-8 in the cerebral cortex was 25 M. This is significantly higher than the IC 50 value of C2-8 in PC12 cells [IC 50 
In parallel studies, mice were administered different doses of C2-8 (5, 10, 25, and 50 mg/kg), and brain and plasma levels were determined at different postdosing intervals (Fig. 1B) . We found good brain and plasma exposure with a half-life of Ϸ1.5 h for plasma and slightly higher for the brain (1.6-1.9 h). When 10 and 25 mg/kg C2-8 were used, brain and plasma concentrations were below the level of detection at 16 and 24 h (15 and 3 pmol/g respectively). Based on these results, we determined that dosing twice daily would maintain acceptable brain levels over a 24-h period.
We then performed acute and chronic tolerability studies in adult R6/2 mice. Mice (n ϭ 5) were dosed daily with a starting dose of 100 mg/kg that was logarithmically scaled to 800 mg/kg over 11 days. We found no effect on body weight in this study, indicating that C2-8 is not toxic at these doses (data not shown). For chronic tolerability studies, mice (n ϭ 10 per treatment group) were administered C2-8 at dose rates of 50, 100, and 200 mg/kg/12 h for 4 weeks. There was no effect on body weight, showing that all these doses were well tolerated (data not shown). Based on the results of our pilot PK and tolerability studies, we designed a dosing regimen for an experiment testing C2-8's efficacy for neuroprotection, in R6/2 mice (below).
We also screened C2-8 against a panel of 60 pharmacologically relevant receptors, ion channels, and transporters expressed in the mammalian brain. The receptor-binding profile revealed IC 50 values Ͼ10 M, except for dopamine transporter (IC 50 ϭ 1.7 M), opioid receptor (IC 50 ϭ 2.79 M), and adenosine A3 (IC 50 ϭ 5.76 M). The favorable pharmacokinetic profile, including good oral bioavailability, suggests that C2-8 has properties that make it suitable for preclinical and clinical stages of drug development.
C2-8 Reduces the Decline in Motor
Performance in R6/2 Mice. We next evaluated the therapeutic potential of C2-8 in R6/2 mice. Mice were administered C2-8 at the dose rate of 100 or 200 mg/kg/12 h. Treatments were started from 24 days of age and continued until spontaneous death or killing. We found that C2-8-treated mice performed better than vehicle controls on the rotarod at 8 and 11 weeks of age ( Fig. 2A) . Latency to fall was increased by 37% at 8 weeks of age (placebo-treated mice ϭ 148 s, C2-8-treated mice ϭ 235 s) and by 43% at 11 weeks of age (placebotreated mice ϭ 72 s, C2-8-treated mice ϭ 127 s). Consistent with the improvement in the motor performance, we observed significant improvement in wire-hang endurance of C2-8-treated mice at 9.5 and 12.5 weeks of age (P ϭ 0.0365 at 9.5 weeks and P ϭ 0.0002 at 12.5 weeks, Fig. 2B ). The wire-hang endurance of C2-8-treated mice (100 mg/kg/12 h) at 12.5 weeks of age (164 s) We previously demonstrated that C2-8 treatment suppresses photoreceptor degeneration in a Drosophila model of HD (20) . Here, we examined whether C2-8 treatment decreases gross striatal and neuronal atrophy in R6/2 mice. There was no difference in mean brain weight between C2-8-treated and placebo-treated mice (Fig. 3A) . However, R6/2 brain weights were significantly lower than those of wild-type mice (P Ͻ 0.001).
Both placebo-and C2-8-treated R6/2 mice had smaller striatal volumes (8.5 Ϯ 0.2 mm 3 and 8.1 Ϯ 0.3 mm 3 , respectively) as compared with wild-type littermates (10.3 Ϯ 0.2 mm 3 ) (both P Ͻ 0.05) (Fig. 3B) . We then estimated striatal neuronal volumes using the nucleator method (see Materials and Methods). There was significantly less mean striatal neuronal volume in vehicletreated R6/2 compared with wild-type mice (P Ͻ 0.001). Importantly, C2-8 treatment resulted in a significant reduction in neuronal atrophy in the 200 mg/kg C2-8 group (P Ͻ 0.05) (Fig.  3 C and D) . The average volume of striatal neuronal cell bodies in wild-type mice was 797 Ϯ 47.5 m 3 , as compared with 522 Ϯ 34.2 m 3 in 13-week-old R6/2 mice (P Ͻ 0.0001). C2-8-treated (200 mg/kg) R6/2 mice had a mean striatal neuronal cell body volume of 650 Ϯ 46.3 m 3 , which was significantly greater (20%) than placebo-treated R6/2 control mice (P ϭ 0.0382).
C2-8 Reduces Striatal
Nuclear Aggregate Volume in R6/2 Mice. Microscopically visible huntingtin aggregates are a hallmark of HD and may play an important role in disease progression. In R6/2 mice, intranuclear aggregates are much larger than neuropil aggregates and amenable to quantification using the nucleator method. We examined the effect of C2-8 on polyglutamine aggregates in the striatum of R6/2 mice after immunostaining with EM-48 antibody. In C2-8-treated (200 mg/kg) mice, the intranuclear aggregates appeared somewhat smaller in size than in the placebo-treated R6/2 mice (Fig. 4A ). These observations were confirmed by stereological quantification of striatal neuronal nuclear aggregate volume by using the nucleator method. There was no effect of C2-8 on nuclear aggregate density (Fig.  4B ), but we found a significant (35%) reduction in striatal nuclear aggregate volume in C2-8-treated (200 mg/kg) mice as compared with vehicle-treated R6/2 mice (Fig. 4C) . The mean nuclear aggregate volume in C2-8-treated mice was 7.14 ϩ 0.3 m 3 , as compared with 10.89 ϩ 0.8 m 3 in placebo-treated R6/2 mice (P Ͻ 0.0001).
Discussion
Protein aggregation occurs in cells expressing mutant huntingtin, its N-terminal fragments, or other expanded polyglutamine proteins and is readily used for high-throughput screening to discover compounds able to modulate it. Enthusiasm for such assays has been tempered by extensive in vivo and in vitro data suggesting that huntingtin aggregates are not the most toxic form of mutant huntingtin. Nevertheless, huntingtin aggregation acts as a phenotypic readout that can reflect pathologically relevant processes such as huntingtin cleavage, misfolding, proteolysis, transglutaminase activity, oxidative stress, and protein sequestration. Accordingly, there has been extensive activity seeking potentially therapeutic compounds by using polyglutamine aggregation screening assays. This is the first demonstration that these cell-based screens can produce small, drug-like molecules with brain bioavailability and therapeutic effects in vivo in HD transgenic mice.
C2-8 is a small molecule that was identified in a yeast-based screen for inhibitors of polyglutamine aggregation. Early studies demonstrated that it potently inhibits mutant huntingtin aggregation in cell-based models and in brain slice cultures. C2-8 also rescued photoreceptor degeneration in a Drosophila model of HD (20) . In the present study, we evaluated the potential of C2-8 as a therapeutic lead compound by examining its drug-like properties, including its potential for oral administration, brain bioavailability, off-target pharmacologic interactions, tolerability, and efficacy in the R6/2 mouse model of HD. We found that C2-8 was nontoxic, available orally, had favorable brain pharmacokinetics, had no concerning pharmacologic interactions, reduced huntingtin aggregate size in vivo, and was modestly neuroprotective as measured by behavior and neuropathology. Although C2-8 improved motor performance and delayed the motor impairment by Ϸ3 weeks in R6/2 mice, there was no effect on survival. This suggests that C2-8 may have limited potency or that its activity may be most relevant too early in pathogenesis to be as effective in the R6/2 mouse, in which huntingtin aggregates are already present at birth (21) .
Our stereological studies revealed that C2-8 significantly reduced striatal neuronal nuclear aggregate volume, yet the compound had no effect on aggregate number. C2-8 might thus affect aggregate growth but not initiation. These results are in agreement with previous ex vivo studies in brain slices, suggesting compound-dependent modulation of aggregation by the same mechanism. This raises the possibility that C2-8 might be more effective when administered before aggregation begins. However, the observed potency of C2-8 for suppressing aggregation in the brain was also much less than in brain slices. This discrepancy may be explained by the rapid metabolism of C2-8 that occurs in mice as revealed in our pharmacokinetics study (Fig. 1 A) .
Given the high C2-8 brain concentration necessary to achieve an inhibitory effect on aggregation, it is conceivable that C2-8 directly blocked formation of inclusions in vivo. In a previous study, the IC 50 of C2-8 in vitro was determined as 25 M, which was in a range of achieved brain concentrations in our in vivo studies. The mechanism of aggregation suppression is more likely indirect and depends on modulation of huntingtin levels or of biochemical processes that modulate aggregation. R6/2 mice develop significant striatal cell body atrophy, a manifestation of the gradual neurodegeneration they undergo. Striatal cell volume was 20% greater in C2-8-treated animals; confirming that the phenotypic benefits of C2-8 are likely due to the preservation of neuronal structure and function. This neuroprotective effect was correlated with a 30% reduction in aggregate volume. A number of compounds that have previously been shown to be neuroprotective in R6/2 mice, such as creatine, coenzyme Q10, and cystamine, also suppress huntingtin aggregates. Transcriptionally active compounds that are neuroprotective, such as sodium butyrate (22), sodium phenyl butyrate (23), and mithramycin A (24), do not. However, these compounds may work further downstream, rescuing sick neurons despite the presence of aggregates and the molecular forms of mutant huntingtin that precede them. Consistent with this possibility, unlike C2-8, they have not been selected in aggregate inhibition screens.
The present study validates the use of aggregation suppressors as a phenotypic screen for compounds that have the potential to be neuroprotective in HD. Mechanisms of neuroprotection by C2-8, or possibly by one of its metabolites, remain to be elucidated and could shed light on the relevance of aggregates to HD pathogenesis. C2-8 may not be sufficiently potent in comparison with other neuroprotective agents such as creatine, coenzyme Q10, cystamine, and sodium butyrate to invest in its development as-is for clinical use in HD. However, its benefits and drug-like properties are exciting and support developing more potent or more stable analogs based on the identified structural scaffold. Promising C2-8 derivatives should be explored and assessed in HD transgenic mice to compare their properties. To expedite the discovery of these molecules, identification of the molecular target of C2-8 is also a priority and would permit the rational design of more potent compounds. Target seeking could include testing the binding affinity of radio-labeled C2-8 to a protein panel, biochemical profiling against neuronal enzymes and receptors, and in silico comparison with known ligands.
Materials and Methods
Animals. Female R6/2 mice used in the study were generated by back-crossing male R6/2 (available from The Jackson Laboratory, Bar Harbor, ME) with C57BL/6 ϫ CBA F 1 females. Mice were genotyped by PCR using tail-tip DNA (25) and were housed five per cage under standard conditions with ad libitum access to water and food. To ensure homogeneity of experimental cohorts, mice from the same F generation were systemically assigned to experimental groups such that age, weight, and CAG-repeat lengths were balanced. All animal experiments were carried out in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by local animal care committee.
Pharmacokinetics. For the single-time-point study, C2-8 levels in the brain were determined by using a long gradient liquid chromatography electrochemical array (LCECA) system which provides resolution of Ϸ1500 compounds in most biological matrices (26) (27) (28) . Briefly, this detection method utilizes a combination of retention time and ratio of response across adjacent detectors as a molecular fingerprint to enable identification of a specific peak in HPLC chromatograms. Concentrations for sample peaks were determined based on comparison with standards. Mice were euthanized by cervical dislocation under deep anesthesia, and the brain tissue was immediately removed and stored at Ϫ80°C. Cortical tissue (20-30 mg) was extracted by sonification in 1 ml of acetonitrile/0.4% acetic acid at Ϫ10°C. The slurry was centrifuged for 15 min at 15,000 ϫ g at Ϫ4°C, and the supernatant was centrifugally evaporated and reconstituted in 100 l of mobile phase for injection of 5 l on the LCECA system. For standard, 0.8 g/ml C2-8 was used.
For the time-course study, plasma and brain levels of C2-8
were determined by an HPLC/MS method, the details of which are provided in SI Text. In each trial, mice were placed onto the rotarod at a constant speed of 4.5 rpm for 5 s, which then accelerated at a constant rate until a terminal angular velocity of 45 rpm was reached. The latency to fall from the rotarod was recorded for each mouse, and the average of three trials was used for statistical analysis. Wire-hang endurance was tested at 9.5 and 12.5 weeks of age. For this, mice were placed on a horizontal wire mesh that was then gently inverted. The time that each mouse remained on the wire was recorded. Three trials were performed for each mouse for three consecutive days, and the average was used for statistical analysis. Data were analyzed by using the mixed procedure in SAS version 8.2 software. Results were considered statistically significant at P Ͻ 0.05.
Histology. At 90 days of age, mice were deeply anesthetized and then transcardially perfused with 2% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). Brains were postfixed with perfusant for 2 days, cryoprotected in a graded series of 10% and 20% glycerol/2% DMSO, and serially sectioned at 50 m by using a SM 2000R freezing microtome (Leica, Wetzlar, Germany).
Every eighth section was stained with thionin for striatal volume and neuronal volume analysis. For immunohistochemistry, floating sections of forebrain at the level of crossing of the anterior commissure were stained with EM48 (dilution, 1:2,000) for 2 days, washed, and incubated with biotinylated secondary antibody. Reactivity was developed by using the Vectastain ABC kit (Vector Laboratories, Burlingame, CA). Sections were mounted in aqueous solution (Fluoromount G; Southern Biotech, Birmingham, AL) to prevent z axis shrinkage. No signal was detected in the controls in which primary antibody was omitted. Data were analyzed by ANOVA using the GLM procedure in SAS software. Results were considered statistically significant at P Ͻ 0.05.
Stereology. All analyses were performed blind by using unbiased stereological approaches, StereoInvestigator software (MicroBrightField, Williston, VT), and a Leica DMLB microscope with a motorized stage. Striatal volumes were estimated on every eighth coronal section by using the Cavalieri method. Stereological counts of aggregate number and volumes of cell bodies and intranuclear aggregates were obtained from the neostriatum at the level of the anterior commissure by using the optical fractionator and nucleator methods, respectively (29) . For the optical fractionator, the total area of the right striatum was outlined by using a ϫ5 objective. The number of aggregates was then counted in a 30 ϫ 30 ϫ 20-m 3D counting frame using a ϫ100 objective such that Ϸ30 frames were counted per striatal section. For cell and aggregate volume estimation, the four-point vertical nucleator was used. The volumes were measured by using the following formula: V N ϭ [4/3]l n 3 , where l is the length of intercept, V N is the number-weighed volume, and n is the number of nucleator estimates (30) . On average, 100 neurons were counted per mouse. Data were analyzed by ANOVA. 
